Further investigation on polarity dependence shows that it might be caused by different ion injection strength of the inner and outer electrodes.
I. INTRODUCTION
Transformers are one of the most important components of power systems. Condition monitoring of transformers helps determine the maintenance and replacement decisions of transformers [1] . The insulating oil in transformers plays the roles of coolant and insulation [2] . DC resistivity of the oil is one of key parameters to assess the transformer insulation condition, based on the fact that the DC resistivity is sensitive to the oil degradation [3] . Generally speaking, there are three standards for measuring the DC resistivity of insulating oil.
The first standard is IEC 60247 which provides the method for measuring steady-state DC resistivity according to the voltage-current ratio means. The electrification time and field strength proposed are 60 seconds and 250 V/mm, respectively [4] .
The second standard is ASTM D 1169 which also provides the method for measuring steady-state DC resistivity according to the voltage-current ratio means. Compared with IEC 60247, both positive and negative voltage polarities are required in ASTM D 1169 and the resistivity value is the average of results obtained under both polarities. The possible reason to use both polarities is to eliminate effect caused by dissimilar metal or temperature contacts in the liquid. The proposed electrification time is 60 seconds and the field strength ranges from 200 V/mm to 1200 V/mm are specified [5] .
The third standard is IEC 61620 which is basically for measuring dissipation factor of the insulating liquids based on the Equation (1).
Tan =1/R C (1) Although this is a standard to determine the dissipation factor, a method to determine the initial DC resistivity which is based on Equation (1) is also proposed, according to voltage-current ratio and square wave means. The square wave is applied to the sample and the value is sampled at the flat level of current at each half period. The voltage range of 10 -100 V is proposed and frequency range of 0.1 -1 Hz is adopted [6] .
In this paper, standards of IEC 60247 and ASTM D 1169 were applied to six individual oil samples including fresh and thermally aged mineral oil, fresh and thermally aged synthetic ester as well as two in-service aged transformer oil samples to determine the DC resistivity. The comparisons between IEC 60247 and ASTM D 1169 standards are discussed and the dependence of DC resistivity on the polarity is investigated in this paper. The test-setup is shown in Figure 1 . A cylindrical shape test cell with three terminals was used to hold the oil samples. The gap distance between the electrodes is set to 2 mm and liquid volume is 70 ml. The temperature of the test cell is controlled by a heater OCH-85 with the range from 20 o C to 110 o C. An electrometer Keithley 6517B serves as the DC resistivity measuring device. There is an interlock connection between the heater and the measuring device for safety control purpose.
II. EXPERIMENTAL SETUP AND SAMPLES

A. Test setup
B. Samples under investigation
There are six oil samples measured in this paper as listed in Table 1 . The Sample1 and Sample 5 are fresh mineral oil and synthetic ester manufactured by Nynas and M&I Material, respectively. Before measurements, the fresh samples were filtered, dehydrated and degassed. The Sample 2 and Sample 6 are the thermally-aged oils which were aged under 134 o C for 42 days. The Sample 3 and Sample 4 are the mineral oil taken from in-service transformers. Sample 3 was taken from a 53year-old 180 MVA 275/132 kV transformer with the acidity of 0.113 mg*KOH/g while Sample 4 was taken from a 57-yearold 120MVA 275/132 kV transformer with the acidity of 0.290 mg*KOH/g. Figure 2 shows DC resistivity values of mineral oils under fresh and thermally aged conditions (i.e. Sample 1 and 2) by applying two standards. The Arrhenius relationship is applicable as the plots indicate straight lines in log-y-axis plot. As shown in Figure 2 , the DC resistivity for the same mineral oil sample at the same test temperature is always higher by using ASTM D 1169 (measurements under both polarities), compared to that by using IEC 60247 (measurements under only positive polarity). This is caused by that resistivity measured under negative polarity is higher than that under positive polarity leading to higher value of ASTM D 1169, which will be discussed in Section IV. Besides, as thermal aging leads to acidity increasing from 0.006 to 0.159 KOH/mg, decrease of two orders of magnitude in DC resistivity can be observed in Figure 2 . Figure   3 after more than fifty-year inservice aging. Although, the acidity of sample 4 is higher than that of sample 3, the difference in DC resistivity is minor. Figure 4 shows the results for the synthetic ester MIDEL 7131 in fresh and thermally aged conditions (i.e. Sample No.5 and No.6). The Arrhenius relationship between the resistivity and temperature is also confirmed to these two samples and no obvious difference between results from IEC 60247 and ASTM D 1169 is indicated for both samples. It is noted that, compared to Figure 2 , the synthetic ester behaves more conductive as the DC resistivity is almost around 3 orders of magnitude lower than that of the mineral oil for fresh samples. Although the thermal aging of the synthetic ester causes the acidity increasing to 0.655 mg*KOH/g, the decrease in DC resistivity is within one order of magnitude as shown in Figure 4 . 
IV. POLARITY DEPENDENCE INVESTIGATION
To further investigate the dependence of DC resistivity on the polarity, the fresh mineral oil and fresh synthetic ester were chosen as the former one indicated polarity dependence while the latter one did not. The investigations include measurements of DC resistivity under a wide range of field strengths (i.e.10 V/mm, 25 V/mm, 50 V/mm, 125 V/mm, 250 V/mm, 375 V/mm and 500 V/mm) at the temperature of 90 o C. For the definition of electrification time, both IEC 61620 and ASTM D 1169 propose one minute, which might not reach the steady state. Therefore besides the measurements taken at one minute, one-hour resistivity values were also investigated. It is noted that each reported result of DC resistivity is the average of two measurements. Figure 5 plots the one-minute and one-hour DC resistivity measurements under both polarities for the fresh mineral oil. As shown in Figure 5 , in terms of one-minute result, under the field strength up to 50 V/mm, the DC resistivity is stable indicating Ohmic conducting regime. When the field strength is higher than 50 V/mm, DC resistivity increases with the field strength indicating saturation conducting regime [7] . For onehour results, the Ohmic conducting regime is observed at field strength lower than 25 V/mm, above which the saturation conducting regime is shown. The ratio of negative result over positive one is plotted in Figure 6 , it can be found that, dependence caused by the polarity is field-dependent as the ratio increases with the rise of field strength. For both oneminute and one-hour results, the ratio keeps at around one (i.e. week polarity dependence) in Ohmic conducting regime, whereas, the ratio gradually increases when the conducting regime becomes saturation. It can be also found that the polarity dependence is stronger for one-hour electrification than that of one-minute as the ratio increases gradually with field strength from approximately 1 to 1.5 at oneminute electrification time and to 2 at one-hour electrification time. Figure 7 plots the one-minute and one-hour DC resistivity measurements under both polarities for the fresh synthetic ester. As shown in Figure 7 , within the range from 5 V/mm to 500 V/mm, the conduction of the fresh synthetic ester behaves quasi-Ohmic as only slight increase of resistivity along the rise of field strength is observed. This is very different from the mineral oil. DC resistivity for mineral oil under 500 V/mm is up to 4 times larger than that under 5 V/mm and this indicates that Ohmic conducting region for fresh MIDEL 7131 is much larger than that of fresh Gemini X. By comparing Figure 5 and Figure 7 , one-hour results are closer to one-minute results for the synthetic ester than for the mineral oil, which shows quicker polarization for MIDEL 7131 as the current measured is the summation of steady-state DC current and polarization current. As shown in Figure 8 , the ratio is around 1 in all test conditions, which indicates there is no polarity dependence of DC resistivity for the synthetic ester. The charge carriers in dielectric liquids under low field strength are mainly ions, and ionic conduction of dielectric liquids is either bulk-limited or interface-limited [7] . In terms of bulk-limited mechanism, dissociation of the ion pairs contributes to the most charge carriers, whereas for interfacelimited conduction, the unipolar ion injection at the metal electrode is the main source of charge. With regard to unipolar injection, cathode usually injects charge carriers for dielectric liquids [8] . It is reported that in saturation conducting regime of dielectric liquids, the source of the charge carrier are mainly from the injection, whereas in Ohmic regime, the dissociation of the ion pair plays as the main charge source [9] . Since the test cell used for the measurement is of coaxial cylindrical type, the field distribution is not even in such geometry so that the adjacency to inner electrode has higher strength than the outer electrode. As the polarity effect is observed in the saturation regime, field-dependent ion injection is dominated. For the test cell shown in Figure 1, , the current would be higher as ion injection is higher at the inner electrode that with higher injection strength, whereas under negative polarity, the current would be lower as ion injection is lower at the outer electrode that with lower injection strength [10] .
V. CONCLUSION
In this paper, two standards (i.e. IEC 60247 and ASTM D 1169) were applied to measure the DC resistivity of oil samples including fresh and thermally aged mineral oils, fresh and thermally ester liquids and two in-service aged oil samples. It was found that for fresh and thermally-aged mineral oils, results from ASTM D 1169 are always higher than those of IEC 60247, which is caused by polarity dependence of DC resistivity. Little difference between the results from these two standards was observed for other samples.
The investigation on polarity dependence showed that, for the fresh mineral oil, the polarity dependence appears when the conducting is in saturation regime and the dependence gets stronger at higher field strength and longer electrification time. For fresh synthetic ester, the conducting was found to be Ohmic among testing field strength from 5 to 500 V/mm and no polarity dependence was observed. .
